Abstract Despite their ubiquitous incidence, little is known about the chromosomal distribution of long interspersed elements (LINEs) in mammalian genomes. Phyllostomid bats, characterized by lineages with distinct trends of chromosomal evolution coupled with remarkable ecological and taxonomic diversity, represent good models to understand how these repetitive sequences contribute to the evolution of genome architecture and its link to lineage diversification. To test the hypothesis that LINE-1 sequences were important modifiers of bat genome architecture, we characterized the distribution of LINE-1-derived sequences on genomes of 13 phyllostomid species within a phylogenetic framework. We found massive accumulation of LINE-1 elements in the centromeres of most species: a rare phenomenon on mammalian genomes. We hypothesize that expansion of these elements has occurred early in the radiation of phyllostomids and recurred episodically. LINE-1 expansions on centromeric heterochromatin probably spurred chromosomal change before the radiation of phyllostomids into the extant 11 subfamilies and contributed to the high degree of karyotypic variation observed among different lineages. Understanding centromere architecture in a variety of taxa promises to explain how lineage-specific changes on centromere structure can contribute to karyotypic diversity while not disrupting functional constraints for proper cell division.
Introduction
Centromeres are remarkable components of eukaryotic genomes not only for their role in cell division, but also because of their unique structural features (e.g., DNA composition and variability) and their link to chromosome rearrangements and diversity. Studies of mammalian centromeres and adjacent (pericentromeric) regions indicate that their typical centromere contains long stretches of tandemly repeated satellite DNA as core centromeric sequences, with variable monomer length and sequence complexity (Brown and O'Neill 2014; Steiner and Henikoff 2015) . Transposable elements (TEs) are non-satellite DNAs that ubiquitously contribute to pericentromeric sequences in mammals. However, these elements are rarely incorporated as major core centromeres, nor are they visibly enriched in these areas relative to euchromatic regions, with the exception of the X chromosome where they are usually enriched along the chromosomal length (Acosta et al. 2008; Brown and O'Neill 2014; Waters et al. 2004) . Despite their significant incidence, distribution patterns of TEs on mammalian chromosomes have been poorly investigated. The handful of molecular cytogenetic studies targeting chromosomal mapping of TEs shows that very few species accumulate these elements preferentially in centromeres (Bulazel et al. 2006; Carbone et al. 2012; Ferreri et al. 2011; Kapitonov et al. 1998; Waters et al. 2004 ). The limited number of studies, however, makes it difficult to determine if centromeric TE accumulation is indeed a rare phenomenon or if this assumption results from the lack of representation of investigated mammalian species.
Long interspersed elements (LINEs), particularly the family LINE-1, are the most abundant TEs in mammalian genomes (Boissinot and Furano 2001; Furano et al. 2004; Richardson et al. 2015) . These class I TEs, or retrotransposons, amplify and reinsert themselves in host genomes via an RNA intermediate. Their Bcopy and paste^mechanism allows LINEs to accumulate over time to compose large proportions within whole genomes (Deininger and Batzer 2002; Eickbush and Jamburuthugoda 2008; Luan et al. 1993) . The nonrandom insertion of LINE-1 elements is still a topic of controversy. Although the consensus target site for LINE-1 insertion has a prevalence of adenines and thymines (AT-rich), evidence from a few studies suggests that young and active elements do not preferentially insert themselves in specific genomic regions (in terms of ATrich G-bands) in mammals other than Euarchontoglires (Ovchinnikov et al. 2001; Waters et al. 2004 ). Other lines of evidence support initial insertion site preference of LINE-1 elements, targeted at AT-rich regions, as well as specific epigenetic states of chromatin (Graham and Boissinot 2006; Zhang and Mager 2012) . Despite insertion site controversies, the consensus is that older insertions might be eliminated through recombination and distinct patterns can rise through processes of drift and purifying selection (Ovchinnikov et al. 2001; Parish et al. 2002; Scott et al. 2006; Wichman et al. 1991 Wichman et al. , 1992 . Thus, areas undergoing low recombination rates, as well as regions less subject to detrimental effects of insertions (both features of centromeres), can be enriched with LINE-1, shaping patterns of chromosomal distribution of these elements differently between species. Nevertheless, centromeric regions are unusual in that they promote sequence homogenization through processes such as gene conversion (Shi et al. 2010) . It is expected then that when TEs (including LINEs) are exapted as core centromere sequences, amplification and enrichment in this chromosomal region might be a direct result of intrinsic biological features of centromere.
Besides their contribution in shaping genome architecture, LINE-1 elements are regarded as powerful drivers of chromosomal rearrangements and evolution. Because of their repetitive nature and sequence similarity among elements distributed in different chromosomes, LINEs are prone to serve as templates for recombination of homologous sequences between non-homologous chromosomes and to the creation of double-strand breaks (Deininger and Batzer 2002; Gray 2000; Hedges and Deininger 2007) . Thus, unraveling enrichment and distribution of these sequences is key to understand the extant chromosome diversity of lineages. This approach can provide further insight to the underlying processes leading to increased rates of chromosomal evolution in groups with highly rearranged karyotypes relative to closely related taxa that do not present increased karyotypic change. In this context, phyllostomid bats are good models to test the hypothesis that LINE-1 amplification has contributed to chromosomal diversity.
Phyllostomid bats are a remarkable assemblage among higher vertebrates and underwent a series of rapid adaptive radiation events from a common ancestor, beginning~30 mya. Extant lineages (11 subfamilies) present considerable karyotypic diversity, with diploid numbers varying from 2n = 14 to 46, as well as varying rates and diverse patterns of chromosome evolution in lineages with similar diversification ages (Baker and Bickham 1980; Martinez et al. 2017) . Most of the extreme reshuffling of karyotypes occurred at the base of each subfamily radiation from an ancestral karyotype of 2n = 46, FN = 60, mainly through Robertsonian fusions, but also other more complex rearrangements (Baker and Bickham 1980; Pieczarka et al. 2005 Pieczarka et al. , 2013 Ribas et al. 2013 Ribas et al. , 2015 Sotero-Caio et al. 2011 . Furthermore, bat clades are distinguished by reduced genome size, mainly derived from elimination of repetitive sequences Smith et al. 2013) . We hypothesize that any unusual accumulation of repeated DNA (including LINEs) will represent potential modifiers of bat genome architecture.
Herein, we describe massive accumulations of a retrotransposon-derived sequence on centromeres of 13 species of phyllostomid bats belonging to lineages characterized by distinct patterns of chromosomal evolution. We discuss our findings in light of overall trends, C-positive heterochromatin distribution, LINE-1 transposition dynamics, and their potential roles for centromere function and spurring of chromosomal change.
Material and methods

Sampling and classical cytogenetics
Cytogenetic studies were carried out in 13 phyllostomid bat species captured at different sites across Pernambuco State, Brazil ( (Baker and Qumsiyeh 1988; Lee and Elder 1980) . Slides with metaphase chromosomes of all species were submitted to Giemsa 5% staining. In addition, C-banding was applied to detect constitutive heterochromatin in some species, following previously described methods (Sumner 1972) . Idiograms were constructed in Inkscape (https://inkscape.org) using previously published descriptions of C-banded chromosomes, supplemented with our data (Araújo 2016; Barros et al. 2009; Lemos Pinto et al. 2012; Santos et al. 2001; Santos and Souza 1998a, b; Varella-Garcia et al. 1989 ).
Isolation and sequencing of repetitive sequences
Genomic DNA of three Artibeus planirostris individuals was extracted from liver tissue, following standard phenol-chloroform procedures (Sambrook and Russell 2001) . Fragments of a LINE-1 element, corresponding to a partial region of the open reading frame I (ORF1), were amplified from the genome of A. planirostris by polymerase chain reaction (PCR) using the primers 18SF (5′-CCG CTT TGG TGA CTC TTG AT) and 18SR (5′-CCG AGG ACC TCA CTA AAC CA). Interestingly, the same set of primers were originally designed to amplify the 18S rDNA sequence in fish species (Teixeira et al. 2009 ) but do not amplify rDNA from bats. To confirm the identity of the amplified fragment, the~900 bp PCR product was cloned, ligated into a plasmid pGEM-T (Promega, Madison, WI, USA), and recombinant constructs were used to transform DH5α Escherichia coli-competent cells. Eighteen positive clones were sequenced using an ABI Prism 3100 automated DNA sequencer (Applied Biosystems, Foster City, CA, USA) with a Dynamic Terminator Cycle Sequencing Kit (Applied Biosystems), as per manufacturers' instructions.
DNA sequencing and phylogenetic analysis
To confirm sequence identity, the 18 sequenced clones were assembled using Geneious Pro 4.8.5 software (Drummond et al. 2009 ) relative to four different types of sequences: type 1 (12 reads; 796 bp), type 2 (two reads; 717 bp), type 3 (two reads; 704 bp), and type 4 (two reads; 659 bp), for simplicity from now on referred to as contigs 1-4, respectively. All sequences were submitted as queries to RepeatMasker against the Repbase database (Smit et al. 1996 (Smit et al. -2010 , located at the Genetic Information Research Institute (GIRI) server (http://www.girinst.org/repbase/). A further step of sequence identification was performed by detecting putative open reading frames (ORFs) within these sequences using ORFfinder (https://www.ncbi. nlm.nih.gov/orffinder) and then using translated amino acid sequences of identified ORFs as queries on BLASTp searches. The sequences corresponded to a partial ORF-1 region of LINE-1 elements and were deposited in the NCBI database under accession numbers (MF838931-MF838934).
For phylogenetic analyses, all sequences were first used as queries in a Blastn search against the NCBI nucleotide collection and the hits with Evalues ≤ 2.89 e-174 and length coverage > 50% (a total of 102 hits) were selected to further analysis. Redundant sequences (≥ 90% identity) were clustered using CD-Hit (Li and Godzik 2006) . A total of 32 sequences were aligned using Muscle (Edgar 2004a, b) , and the alignment was manually edited (Online Resource 1; ESM_l.fa). Evolutionary model selection was made using jModelTest (Posada 2008) with Akaike information criterion (AIC) (Akaike 1974) . Phylogenetic reconstruction was performed using maximum likelihood (ML) and Bayesian inference by Phyml (Guindon et al. 2009 ) and Beast (Drummond and Rambaut 2007) , respectively, both located in CIPRES Science Gateway (Miller et al. 2010) . The approximated likelihood ratio (aLRT (SH2-like)) reliability test was adopted, and values were supported by posterior probabilities by Bayesian analysis. The final tree was analyzed and edited in Figtree v1.3.1 software (Drummond and Rambaut 2007) .
Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was performed by combining the pool of plasmids containing distinct variants of the isolated retrotransposons to be used as probes. Plasmid DNA was labeled by nick translation with biotin 14-dATP (BioNickTM Labeling System) (Invitrogen), and FISH procedures followed the protocol proposed by Pinkel et al. (1986) with slight modifications as follows: mitotic chromosomes were denatured in 70% formamide/ 0.6× SSC (ph 7.0) for 33-36 s at 62°C; hybridization mixtures (containing 100 ng of denatured probe, 10% dextran sulfate, 2× SSC, and 50% formamide in a final volume of 30 μl) were dropped on slides and hybridization was performed overnight (18 h) at 37°C in moist chamber; post-hybridization washes were carried out at 72°C in 2× SSC for 5 min. Detection of probe was carried out with avidinfluorescein isothiocyanate (FITC) conjugate (Sigma, St Louis, MO, USA). Chromosome preparations were counterstained with propidium iodide (0.2%) and mounted with Vectashield (Vector, Burlingame, CA, USA). Images were captured with an Olympus DP71 digital camera coupled to a BX61 Olympus microscope and were optimized for brightness and contrast using Adobe Photoshop CS2. Between eight and 38 FISH images were recorded for each specimen, except A. planirostris, D. youngii, and D. ecaudata, for which three, three, and six images were, respectively, recorded.
Results
Characterization of LINE-1 probes
Sequence similarity among the four A. planirostris contigs was high: three of the contigs (1, 3, and 4) are more similar, with at least 98.58% sequence similarity to each other. Contig 2 was the most divergent, sharing 79.94% identity of sequence with contig 4. RepeatMasker analysis revealed that these elements present~70% sequence similarity to the consensus sequence of the lineage 4 of a LINE-1 non-LTR retrotransposon of the megabat Pteropus vampyrus (L1-4_PVa). Further investigation showed that the clones span a 686 bp region of P. vampyrus LINE-1, corresponding to most of its ORF1 (Yang et al. 2014) . Probabilistic-based phylogeny placed the four sequenced contigs among other chiropteran LINE-1 sequences (Fig. 1) . Contigs 1, 3, and 4 cluster together; however, contig 2 presented higher similarity to LINE-1 sequences from another phyllostomid species, Carollia perspicillata. All sequences from A. planirostris are more closely related to those from C. perspicillata than to those of the congener A. jamaicensis.
Heterochromatin and LINE-1 distribution on phyllostomid chromosomes pericentromere (most species); (2) signal restricted to the small, centric region (physical primary constriction) with fainter signal extending into the pericentromere (A. obscurus,and A. cinereus); (3) signal restricted to pericentromeric regions and absent from centromeres (Chrotopterus auritus); (4) no evident enrichment in centromeres and faint enrichment in other chromosomal regions (C. perspicillata). It is noteworthy that, although most autosomes within the complement of one species fit one of these specific patterns, outlier chromosomes belonging to distinct categories were also present. Examples are the pericentromeric enrichment on one large metacentric autosome of A. obscurus (with absence of signal in the primary constriction), and absence of enrichment on particular autosomes of the species G. soricina, A. obscurus, and A. cinereus. The variation between chromosomes of a single species might, however, be derived from differential chromosome condensation together with reduced copy number of LINE-1 sequences in particular chromosome regions, not detected by FISH resolution. Furthermore, as expected, X chromosomes of all species were enriched with LINE-1 signal throughout their length, to the exception of distal-most regions. Species with X-autosome translocations, such as all Stenodermatinae and Carollia perspicillata, show variation of LINE-1 signal in the composite X. In these cases, only the original X chromosome shows euchromatic enrichment of the LINE-1 probes (Figs. 2, 3, and 4) .
Placing the slightly different patterns of retroelement accumulation into a phylogenetic framework (Online Resource 3; ESM_3.tif) has not yielded any particular trend among different subfamilies. For instance, the degree of signal intensity (lower or higher abundance of centromeric LINE-1) does not seem to correlate with age of the lineage or degree of chromosomal reorganization. Therefore, a link between rapid karyotypic change and centromeric turnover cannot be readily established from our mapping results. Finally, Fig. 1 Cladogram generated using maximum likelihood and Bayesian inference for 32 partial LINE-1 OFR1 sequences from bats, including the four types of contigs isolated from A. planirostris (types 1-4, sequenced in this study), and 28 remainder sequences from GenBank. Note that not all sequences from Artibeus cluster together. The support values beside nodes correspond to the approximate likelihood ratio test (aLRT, left) and posterior probability (right); '-' indicates no support or absence of a branch in either of the phylogenetic inference methods. The branch colors correspond to level of branch support (blue, low scores; red, high scores). Scale bar, average of substitutions per site = 0.04 Fig. 2 Schematic representation of C-banding and LINE-1 FISH patterns on phyllostomid species from the subfamilies Desmodontinae, Phyllostominae, Glossophaginae, Lonchorhininae, and Carolliinae. Dark regions correspond to constitutive heterochromatin blocks. Gray shading corresponds to fainter heterochromatin distribution. Schematic representation of chromosomes and bands were compiled from this study and those of Araújo (2016) Volleth et al. (1999) . Asterisks to the side of the first autosome correspond to the prevalent location pattern of LINE-1 FISH signals. Note that C. perpicillata presented no particular centromeric or euchromatic enrichment. Asterisks to the right side of the X chromosome correspond to a schematic representation of the visualized LINE-1 FISH signals Fig. 3 Schematic representation of C-banding and LINE-1 FISH patterns on phyllostomid species from the subfamily Stenodermatinae. Dark regions correspond to constitutive heterochromatin blocks. Schematic representation of chromosomes and bands were compiled from this study and those of Lemos Pinto et al. (2012) , Santos and Souza (1998a) , Varella-Garcia et al. (1989) . Asterisks to the side of the first autosome correspond to the prevalent location pattern of LINE-1 FISH signals. Asterisks to the right side of the X chromosome correspond to a schematic representation of the visualized LINE-1 FISH signals integration of C-banding and FISH did not provide evidence for collocation of distal or interstitial heterochromatin blocks and LINE-1 signal (Figs. 2 and 3) . Nevertheless, faint LINE-1 signals on non-centromeric or pericentromeric areas can be observed on autosomes of all species, but without particular enrichment patterns (Fig. 4) .
Discussion
Exclusive centromeric enrichment of TEs is an unusual phenomenon in mammals
Our results have shown that the centromeric regions of phyllostomid species are highly populated by LINE-1 Fig. 4 In situ hybridizations using a fragment of LINE-1 ORF1 as probes on mitotic metaphases of phyllostomid bats elements. Most of available physical mapping data from mammals indicates that exclusive centromere enrichment of TEs is rare and is one more unusual feature of phyllostomid genomes. Absence of LINE-1 signal at centromeres is often reported, particularly in a number of rodent species, by far the best investigated group by FISH (Acosta et al. 2008; Baker and Wichman 1990; Dobigny et al. 2004; Gauthier et al. 2010; Marchal et al. 2006; Rebuzzini et al. 2009; Vieira-da-Silva et al. 2016 ), but also in other taxa, including xenarthrans, afrotherians, as well as ungulate interspecific hybrids (Dobigny et al. 2006; Waters et al. 2004) . In a few groups, centromeric signals have been observed, but not as the sole location of retroelement enrichment. More specifically, chromosomal arms present nonrandom accumulation of retroelements, and additional signals are present on the centromeres of few to multiple autosomes. Thus, usually retroelement enrichment follows chromosome-and species-specific patterns in most species (Bonifácio et al. 2012; Liu et al. 2010; Marchal et al. 2006; Vieira-da-Silva et al. 2016; Waters et al. 2004) . Contrasting with available examples, the pattern observed for most phyllostomid bats, with exclusive centromeric and/or pericentromeric signals, better resembles the massive retrotransposon expansion found in gibbons and marsupials (Alkan et al. 2011; Bulazel et al. 2006 Bulazel et al. , 2007 Carbone et al. 2012; Ferreri et al. 2011 ). Carbone and colleagues have shown that a gibbon-specific composite non-autonomous retrotransposon (3′-L1-AluS-VNTR-Alu -like -5′ or LAVA) has not only undergone a massive accumulation in centromeres, but is also more associated than expected by chance to cell division-related genes (Carbone et al. 2012 (Carbone et al. , 2014 . On the other hand, an endogenous retrovirus (Kangaroo Endogenous Retrovirus; KERV) has been amplified in a lineage-specific manner at macropodid marsupials centromeres (Ferreri et al. 2011) .
Two hypotheses best explain centromeric accumulation of retroelements: first, in the library hypothesis (Salser et al. 1976) , centromeric satellite evolution is tightly linked to the availability of different classes of repeat in pericentromeric heterochromatin. Core centromere and satellite evolution accompanies the expansion of repeat sequences already available in the pool of heterochromatin, resulting in extremely divergent prevalent centromere sequences even among closely related species. Similarly, LINE-1 expansion on phyllostomid bat centromeres might have derived from expansion of elements previously inserted in heterochromatin. Independent events of expansion of LINE-1s can explain the different patterns (presence or absence of LINE-1 in the primary constriction) observed in different lineages. Furthermore, C. perspicillata was the only species here investigated without co-location of centromeric heterochromatin and LINE-1 probes, suggesting that these sequences were either lost in the process of centromere homogenization, or present sparsely and underrepresented in heterochromatin to be recovered by FISH resolution.
In the second hypothesis, centromere enrichment of retrotransposons might result from an imbalance in the control of epigenetic mechanisms responsible for keeping repetitive DNA expansion in check (O'Neill et al. 1998 ). This latter hypothesis explains how chromosomal enrichment can result from the increased activity of these elements, but does not necessarily explain why an exclusive centromeric enrichment is observed. Thus, factors other than deregulation of TE amplification must work in concert to shape exclusive centromeric distribution of LINE1s on phyllostomid bat centromeres. Finally, despite some variability in enrichment of LINE-1 sequences in centromeres, these elements seem to be usually depleted from non-centromeric heterochromatin on mammalian autosomes. This observation is counterintuitive, since deregulation of retroelement activity can potentially lead to enrichment in virtually any chromosome region, which in turn, can promote heterochromatin formation in otherwise euchromatic locations (Acosta et al. 2008; Richards and Elgin 2002) .
Further studies are required to explain the centromeric enrichment of LINE-1 ORF1 on phyllostomid bat chromosomes. Hypotheses to be tested include the following: (1) a partial LINE-1 ORF1 sequence was incorporated into the monomeric unit of the centromeric satellite through transposition or recombination; (2) there is preferential insertion of LINE-1s at centromeres; (3) there is rapid removal of LINE-1 from euchromatin as opposed to the centromeric heterochromatin. All these scenarios would require a further step of LINE-1 amplification through mechanisms of centromere homogenization such as gene conversion and concerted evolution, which should also be investigated.
Potential role of centromeric LINE-1 for the chromosomal evolution of phyllostomid bats Despite the indication that centromeres are the key regions involved in chromosomal reshuffling, little information is available on how centromere composition and architecture might influence chromosomal variation in phyllostomid bats. Herein, we provided evidence that LINE-1 retrotransposon sequences might constitute important target sites for non-homologous chromosome exchange at centromeres and that (peri)centromeric sequence turnover might be responsible for the high diversity of karyotypes of phyllostomid bats. Regardless of the underlying mechanisms for centromeric enrichment, our data suggest an influence of these retroelements in the evolution of chromosomal architecture of bats and the potential of these sequences as important karyotype modifiers.
Studies on other mammals suggested that the turnover of centromere sequence composition parallels chromosome evolution and might be linked to rapid karyotypic change. Examples include gibbons and macropodid marsupials, which, interestingly, have experienced rapid chromosomal evolution together with centromeric enrichment of retroelements (Bulazel et al. 2007; Wichman et al. 1991) . In the case of phyllostomid bats, all analyzed species present highly derived karyotypes from the proposed 2n = 46 ancestral condition for the family, and all but C. perspicillata show centromere signal using LINE-1 probes (see also Sotero-Caio et al. 2015) .
Although Phyllostomidae presents increased rates of chromosomal evolution when compared to other bats, all species investigated here present fixed karyotypes with no chromosomal polymorphisms among populations. Furthermore, their current karyotypes have reached fixation at least five mya (Baker and Bickham 1980; Baker et al. 2012) , which means that presently there is no intense karyotypic reshuffling within these species. On the other hand, no extant lineages but the basal subfamily Macrotinae has retained the ancestral, 2n = 46 karyotype for the family, suggesting that intense chromosome reshuffling might have been driven by similar mechanisms in a wave-like fashion throughout the family evolution. Our finding that species belonging to different lineages share the centromeric enrichment of LINEs indicates that TE expansions and centromeric accumulation might have built a genomic landscape of the common ancestor of all 10 subfamilies that was important in generating the current karyotypic variation patterns. LINE-1 mapping on Macrotus species will help testing this hypothesis. Our results also suggest that LINE-1 expansions might no longer be happening and the observed patterns are molecular evidence of past expansions. Therefore, we hypothesize that the evolution of phyllostomid bats has paralleled defects in epigenetic repression of TEs, which also resulted in centromeric expansion of LINE-1 elements. These events were important in reshaping the karyotypic composition of bats from different subfamilies, but are latent in the present, reflecting the low number of species with chromosomal polymorphisms.
Conclusions
Phyllostomid bats present uncommon centromere architecture when compared to other mammals, evidenced by a high degree of LINE-1 retroelement accumulation in centromeric and pericentromeric regions. We hypothesize that a combination of reduced TE repression with intense euchromatin removal created a differential TE landscape on the pericentromeric heterochromatin and allowed further centromeric enrichment of LINE-1s through centromere homogenization processes. In addition, our data suggest that LINE-1 accumulation occurred early in the radiation of phyllostomids and might have recurred episodically. Thus, LINE-1 expansions on centromeric heterochromatin probably contributed to the karyotypic variation observed among different phyllostomid lineages. The species investigated herein present stable karyotypes for at least 5 million years, indicating that centromeric retroelements might be in check and maintained by epigenetic centromeric features responsible for chromosomal rearrangement stability.
